Commentary
A ketogenic diet (KD; long-chain triglycerides providing up to 90% of caloric intake) has been utilized as dietary treatment for epilepsy since the 1920s and represents an effective epilepsy therapy (1, 2) . In its classic form, long-chain triglycerides provide the vast majority (see above) of daily caloric intake; there is severe carbohydrate restriction and fluid intake limit. Because of these impediments, the attrition rate is high (especially in adult patients) and, therefore, long-chain triglyceride (LCT) KD has been used mostly in medically intractable childhood epilepsies. More recently, a KD variant with medium chain triglycerides (MCT) was successfully implemented for treatment of refractory epilepsy (3) . While on this type of diet, MCT provide 65 to 75 percent of daily calories and the restriction on carbohydrates is not so severe, resulting in greater diet variety. The attrition rate is still high as well as the occurrence of side effects (diarrhea, vomiting, cramps). This MCT KD has limited use in infants, however (4). Both diets have similar efficacy in childhood epilepsies, although there were more reports of vomiting and lack of energy in patients on the LCT KD (5) . Despite these and other side effects, a ketogenic diet has a well supported role in controlling epilepsy, and some support for its use in cancer, neurodegenerative diseases, and migraine (6) .
Because of restrictions and side effects, research has been steered to identify an effective metabolite or component of the KD that could be used individually as a KD in a pill (7) , that is, to provide a simple, effective therapy system with all the benefits of KD with limited side effects and, thus, good patient compliance. The KD, as per its name, leads to ketosis. Thus, initial studies sought to identify whether the ketone bodies forming because of the diet (acetone, acetoacetate, and bhydroxybutyrate) carry the positive features of the KD against seizures. These studies used in vivo models of seizures, but no effects of ketone bodies were observed on GABA-or glutamate-mediated synaptic transmission (8) . Other proposed or validated mechanisms of action of the KD include carbohydrate reduction tested by 2-deoxyglucose administration (9), activation of ATP-sensitive potassium channels (K ATP ), inhibition of mammalian target of rapamycin (mTOR), inhibition of glutamatergic transmission, increase in GABA production, changes in bioenergetics, improvements in mitochondrial function, anti-inflammatory effects, affecting anti-oxidant and mitochondrial genes, and increases in poly-unsaturated fatty acids (with neuroprotective features) in patients (8, (10) (11) (12) . Many of these mechanisms are quite complex, difficult to grasp, and even more difficult to be molded into a "pill".
Chang and colleagues selected a slightly different approach: in four sequential experiments, they investigated one of the major constituents of the MCT KD providing about 40% of the medium-chains, the ten-carbon decanoic acid. This fatty acid has anticonvulsant effects in in vivo models of seizures, including the 6-Hz threshold and maximal electroshock The medium chain triglyceride ketogenic diet is an established treatment for drug-resistant epilepsy that increases plasma levels of decanoic acid and ketones. Recently, decanoic acid has been shown to provide seizure control in vivo, yet its mechanism of action remains unclear. Here we show that decanoic acid, but not the ketones b-hydroxybutyrate or acetone, shows antiseizure activity in two acute ex vivo rat hippocampal slice models of epileptiform activity. To search for a mechanism of decanoic acid, we show it has a strong inhibitory effect on excitatory, but not inhibitory, neurotransmission in hippocampal slices. Using heterologous expression of excitatory ionotropic glutamate receptor AMPA subunits in Xenopus oocytes, we show that this effect is through direct AMPA receptor inhibition, a target shared by a recently introduced epilepsy treatment perampanel. Decanoic acid acts as a non-competitive antagonist at therapeutically relevant concentrations, in a voltage-and subunit-dependent manner, and this is sufficient to explain its antiseizure effects. This inhibitory effect is likely to be caused by binding to sites on the M3 helix of the AMPA-GluA2 transmembrane domain; independent from the binding site of perampanel. Together our results indicate that the direct inhibition of excitatory neurotransmission by decanoic acid in the brain contributes to the anti-convulsant effect of the medium chain triglyceride ketogenic diet.
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tests in mice (13) . These in vivo effects are similar to another constituent of the MCT KD, octanoic acid (eight carbons). Interestingly, after ingestion, plasma levels of decanoic acid rise, suggesting that this compound is present in the circulation of patients with epilepsy on this type of KD. First, the authors determined efficacy of bath-applied decanoic acid in two simple models of interictal activity recorded in the area CA1 of hippocampal slices in vitro: 1) perfusion with 2 mM pentylenetetrazole (in 6 mM potassium) to block inhibitory GABA-A receptors and 2) low Mg 2+ to activate excitatory Nmethyl-D-aspartate (NMDA) receptors. In both models, decanoic acid-but not the ketones acetoacetate or b-hydroxybutyrate-completely suppressed pharmacologically evoked discharges. Second, the authors measured stimulus-evoked, pharmacologically isolated excitatory or inhibitory postsynaptic currents (EPSCs or IPSCs), recorded again in CA1 pyramidal cells of hippocampal slices. Here, they found that addition of decanoic acid to the perfusate suppressed pharmacologically isolated AMPA EPSCs without affecting GABA-A receptormediated IPSCs. It should be emphasized that the concentration of decanoic acid needed for 40% suppression of AMPA EPSCs (300 µM) corresponded to peak concentrations found in plasma of children on the MCT KD. Even steady state concentrations found in children (about 100 µM) were capable of 20% suppression of AMPA EPSCs. These concentrations did not affect AMPA receptor-mediated paired-pulse currents, suggesting that decanoic acid has a true postsynaptic effect, likely mediated by the AMPA receptor. In the third experiment, to further the analysis, the authors expressed AMPA receptors in Xenopus laevis oocytes either as homomers (GluA1 subunits) or heteromers (GluA1/GluA2 or GluA2/GluA3) and made recordings from the oocytes. Glutamate, the natural AMPA receptor agonist, was applied to the bath to evoke AMPA receptor-mediated currents. Stepwise increase in concentration of decanoic acid was eventually able to suppress glutamate-evoked currents and provided data for calculation of 50% inhibitory concentration (IC50). In contrast, if octanoic acid was applied in ascending concentrations, its effect on AMPA currents was much weaker (about sevenfold). If valproic acid-a branched-chain fatty acid isomer of octanoic acid and frequently used anticonvulsant drug-was used, there was no suppression of AMPA currents. Addition of potent AMPA receptor antagonist GYKI 52466 confirmed specificity of AMPA current blockade by decanoic acid. Expanded recordings determined that decanoic acid had a different potency on different subunit compositions of AMPA receptors (lowest IC50 = 0.52 mM at GluA2/GluA3 subunit combination and highest IC50 = 2.09 mM at homomeric GluA1). There was no shift in the glutamate dose-response curve after addition of decanoic acid, suggesting that the binding site for decanoic acid is different from that for glutamate (i.e., decanoic acid provides noncompetitive antagonism). The effect of decanoic acid was also membrane voltage dependent; the efficacy was higher if the membrane was more hyperpolarized (-80 mV) and less potent if the membrane was less hyperpolarized (-40 mV). The combination of these findings suggests that the binding site for decanoic acid sits within the pore (ionophore) of the AMPA receptor. To explore this possibility, the authors' fourth experiment used an in silico approach investigat-ing interactions of the decanoic acid molecule with the rat homotetrameric GluA2 receptor. Twenty-five conformations with the lowest binding energy identified receptor residues most frequently participating in binding. These residues were in the pore of the AMPA receptor but did not correspond to the binding site for perampanel, an AMPA receptor antagonist recently introduced for drug-resistant epilepsy (14) .
In conclusion, the authors convincingly showed that decanoic acid, a constituent of the MCT KD that is increased in plasma of patients using the diet, utilizes antagonism at excitatory AMPA receptor as the likely mechanism of its anticonvulsant action in concentrations relevant to human use. Decanoic acid noncompetitively antagonizes the endogenous ligand glutamate within the pore of the AMPA receptor at a site different from perampanel. Unfortunately, the authors did not attempt to use a combination of perampanel and decanoic acid to explore a cooperative effect of both compounds that may have significant clinical implications. Despite this clearly delineated mechanism, it seems that there are additional benefits of decanoic acid, such as antioxidant effects and improvement of mitochondrial function (15) , that may further promote its use in the treatment of refractory epilepsy.
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